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1. INTRODUCTION 

In Demand for electrical energy has remarkably increased during the recent years with growing 
population and industrial progress [1]. Since long time ago, fossil fuels have served as the major source of 
generating electrical energy. However Solar PV based applications are generally most pertinent to distributed 
generation in locations where the grid is unavailable or unreliable, also the global installed capacity for solar 
PV is incresead especially by China, India and United States [2]. However, the key to the success of applying 
small PV energy systems is a simple, low cost and high-performance converter. So, a boost converter is 
designed that it provides an output of 24V DC, which is the battery input. The transfer of energy resulting 
from photovoltaic conversion remains relatively weak. Therefore, many tracking control strategies have been 
proposed in existing literatures, such as perturb and observe [3], fuzzy logic [4], parasite capacitance, and 
other methods [5]-[6]. Some of them are even implemented. In this paper, the role of MPPT strategy is to 
attain the MPP of the PV panel even with variation of the atmospheric conditions. The designed system 
controls the duty cycle of the converter and ensure the opening and the closing of the Mosfet using a 
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designed driver which deliver a high pulse with modulation (PWM) frequency [7]. The current and the 
voltage needed as inputs for the controller are obtained through a designed current and voltage sensors. 

The system was designed by Proteus, simulated by Pspice simulator and Matlab Simulink using a 
new ADRC strategy to extract the maximum power from the PV panel [8]-[9]. The proposed method is a new 
technology for estimating and compensating uncertainties and disturbances, which have been explored and 
used recently as an alternative over classical techniques and especially PID controller [10]-[11]. Unlike many 
existing control methods, the ADRC does not require the accurate mathematical model of the plant. 
Moreover, selecting the plant order n of the ADRC is quite flexible which make this control more convenient 
to apply in many control systems [10]-[12]. The method involves three blocks: differentiator trackers (DT), 
feedback controller (FC), and extended state observer (ESO) which is the main part of the command [12]- 
[13]. An implementation is ensured under an electronic platform board (Arduino Mega) with a novel control 
application developed in Labview environment which provided a real time operation and supervision, a 
practical user interface, and more other abilities. Results shows good performance, high accuracy and 
robustness comparing simulation and implementation. 

The sequential work flow of this paper is as follows: In section 2, complete working procedure of 
the system has been described. Section 3 covers the design of boost DC-DC converter, followed by the 
design of current sensor, voltage sensor, after that the driver and a discussion about a MPPT command, in 
Section 4. Simulation results and experimental works are discussed in Section 5 and 6 respectively. Lastly, in 
section 7, a precise conclusion has been added to finalize the work. 


2. COMPLETE SYSTEM OVERVIEW 

A photovoltaic cell is basically a PN semiconductor junction diode which is converting sun energy 
into electrical energy [14]. DC-DC converter is widely used as an intermediary between the PV and load or 
battery. Solar panel’s current and voltage are fed to the microcontroller which deliver a suitable duty cycle to 
the boost converter on the basis of an algorithm. The whole system is given in Figure 1. 





Figure 1. PV System adapted by Boost converter 


2.1. Solar panels characteristics 
Parameters of solar panel are shown in Table 1. PV module is made by solar company and product 
name is MLP-020P. Numerical method called Newton-Raphson is used to determine the operational point 


[14]. The system is described by (1)-(3) below, meaning of the parameters expressed can be consulted in [6], 
[14]. 


Table 1. Parameters of mlp-020P 





Parameters Values 
Open Circuit Voltage (Voc) 21.7Volt 
Short Circuit Current (Isc) 1.26Amp 
Voltage at Pmax (Vmpp) 17.3Volt 
Current at Pmax (Impp) 1.17Amp 
Maximum Power (Pmpp) 20Watt 
ie 
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Figure 2. Temperature variation effect in PV 
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Figure 3. Irradiation variation effect in PV 


3. DC-DC BOOST CONVERTER 

DC-DC converters can be used as switching mode regulators to convert an unregulated DC voltage 
to a regulated DC output voltage [14]-[15]. The regulation is normally achieved by PWM and the controlled 
switch is normally MOSFET or IGBT [16]. 

Figure 4 below shows a step up or boost converter. It consists of a PV voltage Vp, as input; boost 
inductor L, input capacitor Cin, transistor Mosfet, Diode D, output capacitor C,, and a Load or battery. 
Maximum power is reached when the MPPT algorithm changes and adjusts the duty cycle of the switched 
device [17]. 
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Figure 4. Boost DC-DC converter with PV as input 


3.1. Duty cycle 
The relation between input and output voltage included a factor of efficiency which contribute to 
calculate a more reasonable duty cycle d: 


L Vin (4) 


Vo 
where 77 called efficiency of the converter, is about 80%, then d = 0.43. 


3.2. Inductor Selection 

The given parameters are required to calculate the power stage (inductance and capacitance). We 
have input voltage Vp, = 17V, desired output voltage Vpat= 25V (slightly higher than the rated voltage of the 
two batteries series which is 24V), and the output current Iout= 1A. 

In order to calculate the estimated inductance value L of converter, we need to calculate first the 
estimated current ripple Al, : 


Al, = 0.3 X Iout X bat (5) 





AI, =0.45A 


A smaller ripple reduces the magnetic hysteresis losses in the inductor component. The switching 
frequency for this project is taken to be f=62.5Khz. 
The inductor value L, according to varied parameters, is given below: 





_ Vpv 
L= ra 2 (6) 


We take L= 200 WH. 


3.3. Input capacitor Selection 
The equation of the input capacitor is given as: 





_ _ “p 
Cin = Pe Aye a 7) 
We take Cin = 100 uF with AV,,, an input voltage ripple AV,,<100mV. 


If the input ripple is high then it will require a large value of capacitance, and that result an increase 
in losses caused by the ESR. 


3.4. Output capacitor Selection 
The output capacitor is: 





C ‘out fp (8) 


out 7 fAVout ; 


we take Cout = 800 uF. Where AV,,,;<10mV is the output ripple voltage, a large value can cause a fluctuation 
up to the limits where the output voltage crosses the limits of battery ratings. 
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4. ADRC CONTROLLER DESIGN 
4.1. ADRC Algorithm 

To improve the response speed and control adaptability of the power system [18], the applied 
ADRC method design is shown in Figure 6. The main idea of this technology is to estimate and compensate 
the unmeasured state of the system or the total disturbance, in real time, even without an explicit model of the 
plant and only from the input-output information [19]-[20]. To ensure that, the controller contains three 
blocks: differentiator trackers (DT), feedback controller (FC), and extended state observer (ESO). It involves 
also an inner loop to reject the total disturbance and an outer one to deliver the desired signal [21 ]-[22]. This 
proposed algorithm is implemented in an Arduino board to control the duty cycle of the DC-DC converter in 
order to track the MPP even with climatic variations. 





Figure 5. ADRC controller structure 


As shown in Figure 6, to extract the maximum power from the PV System, the ADRC controller is 
designed to set the following signal error at 0. 
rA 


C= 
V av 


(9) 


DT is used to arrange the transient process, and to get the differential signals of current dI and 
voltage dV with two differentiators’ trackers. 





Figure 6. MPPT based in ADRC controller 


It overcomes the drawback in the classical theory such as an amplificatory effect on the noise. 
Mathematical form is expressed by: 


Int J Pow Elec & Dri Syst, Vol. 12, No. 2, June 2021 : 1162 — 1176 


Int J Pow Elec & Dri Syst ISSN: 2088-8694 O 1167 


Xi = X> (10) 
X; = mw (x — X + zrl) 


2m 


Where m is the speed factor, X4 and X, are respectively the tracking and differential output, X is the 
input signal and w(. ) is a nonlinear function. 

ESO is the core part of ADRC, it contributes to get the model uncertainty and to deal with total 
disturbance affecting PV Power system. Mathematical structure is given by: 


e= Z4 — y 

Z4 = Z2 E 0e 

Zo = Z3 = 0e (11) 
Z3 = —63e 


where y is the output of the system. Z4, Z2andz are respectively the estimation of the output, the estimation 
of the derivative of the output and the estimation of the disturbance in system. Referring to [23], the observer 
gains 6; (i = 1,2,3) are 3Wo, 3Wo*, Wo°. Kp = we, Kg = 2w, parameters of the feedback controller (FC) 
are used to generate the control input Up. 

Wp 18 denoted as the bandwidth of the observer and w, the bandwidth of the feedback control. 
Finally, the control law is: 


_ U02723 
b 


u (12) 


b is the disturbance compensation factor 


4.2. Inputs sensors 

The PV panel output is followed by a circuitry for sensing the current and voltage needed as inputs 
for the MPPT algorithm as shown in Figure 7. A voltage divider which converts the voltage of PV panel in 
range that is 0-5V, so that the Arduino board can interpret the voltage level. The combination of resistor in 
voltage divider is high almost 10KQ in order to minimize the power losses. 

Direct current sensing is based on Ohm’s law. A current sensing module named as ACS712 can be 
used [24], but we designed our proper sensor by placing a high shunt resistor R, in series with the system 
load, a voltage is generated across the shunt resistor that is proportional to the system load current. The 
voltage across the shunt can be measured by differential amplifier LM324 and deliver a readable current 
value to the Arduino board. 





Figure 7. current and voltage sensors 
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Figure 8 shows the driver designed to transmit the signal PWM to MOSFET transistor of the boost 
converter. It has capability of operating at high PWM frequency 62.5KHz that the boost converter gets, with 
a specific duty cycle for its MOSFET, from the Arduino board. There is a level shifting circuitry using a 
push-pullamplifier as an output stage between Arduino board and converter. It increases the level of PWM 
from Arduino board according to the gate to source voltage of MOSFET (from 5V tol2V). 





| CONTRO 





Figure 8. Driver for boost converter 


5. SIMULATION AND RESULTS 

In order to investigate the performance of our system, we have implemented the complete circuit, as 
shown by Figure 4, in first time in Pspice simulator environment and then in MATLAB/Simulink using for 
both simulation an ADRC algorithm. 

In the first simulation, the PV panel and the MPPT algorithm were modeled respectively by a solar 
panel bloc and microcontroller bloc. The PV panel is connected to a resistive load through a boost converter 
whose duty cycle was adjusted by MPPT algorithm based on the value of current and voltage sensors (Fig 9). 
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Figure 9. The whole system 


In Figure 10, the output power curve by using MPPT algorithm which produce a suitable duty cycle 
used to reach the MPP, has an excellent characteristic with high accuracy and good stability. The results 
concerning the input (output) voltage and input (output) current of the converter was presented respectively 
in Figure 11 and 12. They show that the electric quantitie soscillate around the optimal values under the 
optimal conditions. 

Finally, Figure 13 shows that the MPPT algorithm can quickly track the MPP (t=10ms) with good 
efficiency and low oscillation even with the variation of irradiation. 
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Figure 10. Output Power with MPPT algorithm 
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Figure 12. Input & Output Current of the converter Figure 13. Output Power with variation of irradiation 


In the second simulation, the power system was carried out in MATLAB Simulink as shown in 
Figure 13. Parameters used in ADRC algorithm for the boost converter arewy = 440, wo = 110 and b=600. 
Performances and design results of the control system are illustrated throughout two cases. In the first 
scenario, realistic ramp up/down radiation from 1000w/m? to 300w/m? are applied while the temperature is 
kept constant at 298K. In the second case, the temperature changes its values as follows: 323K to 298K at 
t = 1.2s and from 298K returning to 323K at 1.8s meanwhile the radiation is maintained at 1000w/m?. 
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Figure 14. Power system simulation 
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The resulting control performances of the first case is illustrated by Figure 14 to Figure 17 and for 
the second one is illustrated by Figure 18 to Figure 21. Figures 14 and 18 shows that the ADRC technique 
deliver a control signal which drive the boost converter to track the MPP very quickly. As illustrated in 
Figure 14, the PV output power is 20w, 6w, corresponding to the MPP P1 and P3 in Figure 3. Moreover, 
noting that the output voltage is regulated to its desired value 25v with good performance. Finally, the 
control inputs of converter dis clearly bounded. Sequentially all these figures coincide with theoretical 
prediction and company specified value which ensures the validity of the system. 

According to figures, the ADRC command present excellent characteristics and good performances 
even withsomeremarkable oscillation and high overshoot at the first 5|00ms, which due to the time taken by 
the approach to transform the data of the problem using Simulink into a set of results. Otherwise, for an 
implementation, ADRC method is generally cheaper and less complex because it requires only two tuning 
parameters to adjust. 
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Figure 14. Output Power with irradiation change 

Figure 15. Input & output voltage converter 
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Figure 16. Input & inductor current of the converter 
Figure 17. Duty cycle of the converter 
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Figure 18. Output Power with temperature change 
Figure 19. Input & output voltage converter 
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Figure 21. Duty cycle of the converter 
Figure 20. Input & inductor current of the converter 


6. EXPERIMENTAL WORK 

The MPPT algorithm was been implemented by using an Arduino board and Labview application 
which are designed in such way that can perform with any other research MPPT algorithm. For our MPPT 
algorithm, the analog signals v,, and ipy obtained by the designed sensors is a means of two pins AO and A1 
of the Arduino device. 


6.1. System design and simulation on ISIS 

Figure 22 presents the design of the whole system on ISIS Proteus. In view of a minimization of 
losses, the boost converter is designed around a Mosfet IRFP250 which present a smallRg,(on)=0.085Q, and 
around a low voltage diode such as Schottky diode whose well adapted for this application due to its low 
voltage drop and short switching time. 

A voltage and current sensors are needed. The first one to detect voltage of the PV panel by using a 
divider: 


Vout = ——— = — rv (13) 


RigtRotRstRys5 PY 


which must be < 5V because the analog input in Arduino is limited to 5V. The second one to measure the 
output panel current and they transmitted to the analog pin A1. 
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Two Zener diodes (1N4733A) and two capacitors C3, C, mounted on the sensors, are used to protect 
the Arduino board and charge controller against abnormal and extreme operating conditions such us over 
voltage or overload. 

The driver increases the amplitude of its input PWM signal (pin5) in order to deliver a suitable duty 
cycle to gate to source voltage Vgs (from 5V to 12V) to control the opening and the closing of the Mosfet 
with a switching frequency 62.5Khz. 

In order to create an embedded system, a location is designed for the input/output of the Arduino 
board to mount it under our electronic card. 






ITOO, 


cag 





Figure 22. Design of whole system 


6.2. Hardware application 

As told before, the Arduino board is mounted under the designed converter as shown in Figure 23. 
The fabricated converter along with voltage and current sensors are shown in Figure 24. A support with 
variable size location is designed in order to control any PV panel. It’s equipped with a light source imitating 
solar energy as shown in Figure 25 which indicate also MPPT’s implementation that is used as battery 
charger. 
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Figure 24. Designed boost converter 


Figure 23. Location of the Arduino board 
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Figure 25. Support PV & experimental system Figure 26 shows the input voltage of the driver with 
different value of duty cycle 
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Figure 26. Input & output of the driver, (a) 25% of duty cycle, (b) 50% of duty cycle, (c) 75% of duty cycle 


6.3. Software application 

In order to control and visualize the performance and the evolution of our system in real-time, a 
serial communication with a computer containing a graphical user interface is developed by exploiting 
Labview software [25]. 





Figure 27. Graphical interface 
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The interface gives flexibility for users to control the system throughout diverse indicators listed 

below: 

- A switch indictor defines which mode is used: manual or automatic. 

- A measurements indicator allowing information to be viewed at real-time (current, voltage, power 
signals and values). 

- A performance indicator is displayed as a scale to show the efficiency. 

To test our system and verify its performances, an incandescent lamp (24V, 5W) is used as a charge. 20 Watt 

is the maximum power can generate from conversion of sun energy to electrical energy by PV. 

Figure 28(a) shows that in the first 3s the power value is closing to 5 Watt (4.126watt). The MPPT 
algorithm trying to find the maximum point, the PV panel voltage is decrementing from 17.47V to 14.45 at 
t=4s, and the new power output obtained 4.377 Watt (Figure 28(b)), 1s compared with the previous value and 
the algorithm is repeated in order to achieve the MPP and deliver the power needed for the charge. 

From Figure 28(c), we note that the value of the duty cycle is about 0.44 at t=5s which present a 
good concordance with value obtained by theoretical calculation, and the value of the power is almost 5 watt 
(4.97 watt) which means that the system presents very high efficiency. 
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Figure 28. Labview user interface 
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7. CONCLUSION 

In this paper, a low-cost PV system has been designed and supervised in real time. It consists of a 
power and control card where the proposed ADRC MPPT strategy has been implemented to achieve the MPP 
even with climatic change. In the first part, The PV system has been performed using Pspice environment 
and Matlab Simulink to validate the developed model. In the second part, a test bench has been realized using 
a PV panel, Boost converter, driver, voltage and current sensors and an Arduino board. Finally, a graphical 
user interface built in Labview is used to offer a various ability which show that the proposed system gives 
very satisfactory results with a very good efficiency. The author strongly believes that this work is expected 
to provide more ideas for the researchers to apply the ADRC in a real prototype for power electronic 
converters control. The study indicates a promising prospect of ADRC in the future industry. 
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